We demonstrate that molecular-dynamics simulations can reproduce the ferroelectric behavior of LiNbO 3 and the ferroelectric-paraelectric phase transition. We find that this phase transition is a two-stage process involving a displacive transition in the Nb-O cages at a temperature below the Curie temperature and an order-disorder transition in the Li-O planes at the Curie temperature itself. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1669063͔
Ferroelectric lithium niobate (LiNbO 3 ) has emerged as an important material in surface acoustic wave devices 1 and in nonlinear optical applications such as electro-optics 2 and second-harmonic generation. 3 Despite these wide-ranging applications, much remains to be understood as regards the fundamental physics and materials science of LiNbO 3 .
LiNbO 3 is trigonal belonging to the R3 c space group in the paraelectric phase. With the onset of ferroelectricity at T C ϳ1210°C ͑1483 K͒, the structure remains trigonal, but the inversion symmetry of the system is lifted, reducing the system to the R3c space group. From a crystallographic viewpoint, there are two key structural differences between the paraelectric and ferroelectric phases ͑see Fig. 1͒ . First, in the paraelectric phase each Nb ion sits at the center of a cage of six oxygen ions; in the ferroelectric structure, the Nb ion is displaced closer to either the top or bottom of the cage. Second, in the paraelectric structure the Li ions should lie, at least on average, in the associated oxygen planes; in the ferroelectric phase the Li ions are actually displaced from the oxygen plane. Due to electrostatic repulsion, the Li ion and Nb ion displacements in the ferroelectric phase tend to be in the same direction; these displacements along the c direction can be either upwards or downwards, resulting in equivalent states with polarization ϩ P z and Ϫ P z . The ferroelectric, in addition to pyroelectric, behavior of this system is a result of the ability to switch between these two polarizations by the imposition of a physically realizable external electric field.
Atomic-level simulation has long been recognized as a powerful tool for investigating the structure and properties of materials. Indeed, atomic-level simulations have been used previously to investigate the point-defect structure of LiNbO 3 .
4 -6 Surprisingly, however, there have been no simulations of even the phase behavior of LiNbO 3 . In this letter, we use molecular-dynamics simulations to explore the phase behavior of LiNbO 3 , to characterize the ferroelectricparaelectric phase transition, and to expose in some detail the unexpectedly complex dynamical behavior of this system.
To describe LiNbO 3 , we use the shell-model approach proposed by Tomlinson et al. 4 In this potential, a nearestneighbor three-body O-Nb-O bond bending term is added to the traditional Buckingham potential. The shell model has a fourth-order anharmonic term in addition to the usual harmonic form; this both stabilizes the ferroelectric phases and prevents the core-shell displacements from becoming too large. In all of the molecular-dynamics ͑MD͒ simulations described here we treat the Coulomb interactions using a direct summation method for the 1/r potential, 7 which is conceptually simple, has been found to be easy to implement, and is computationally robust and very efficient. We have successfully used this method for the simulation of ferroelectric behavior in the perovskite ferroelectric, KNbO 3 . , which are in satisfactory agreement with the room-temperature experimental value of 71 C/cm 2 . 9 The Tϭ0 K dielectric constant is 33 ϭ65, which is very close to the value determined by Tomlinson et al. of 33 ϭ61. 4 The experimental values is actually 33 ϳ28, 9 which points to one of the limitations in the material's fidelity of this atomic description. We have also determined the Tϭ0 K converse piezoelectric constants from the dependence of the strains induced by an electric field applied along the z direction; we find d 33 ϭ1.0ϫ10 Ϫ11 C/N, which is consistent with the experimental value of (0.6-1.6) ϫ10 Ϫ11 C/N. 9 Overall, the level of agreement between experimental and simulation values is reasonable and we conclude that this potential reproduces the basic properties of LiNbO 3 to a satisfactory degree.
The key measure of a ferroelectric material is its polarization. Figure 2 shows the temperature dependence of the polarization determined from MD. While below ϳ500 K the polarization decreases only rather weakly with temperature, above 500 K it drops off essentially linearly with temperature up to the Curie temperature of T C ϳ1400 K. This value of T C is in pleasingly good agreement with the experimental values of 1483 K. However, it should be noted that experimentally, the regime of rather weak temperature dependence of the polarization extends up to at least 700 K, beyond which experimental data are not available. As expected, the simulations show that the in-plane component of the polarization is zero at all temperatures.
Having established that this interatomic potential captures the experimentally observed ferroelectric behavior, we now exploit the ability of MD simulation to characterize the system microscopically. To characterize the ferroelectricparaelectric phase transition and its dynamics, we probe the two key structural differences between the ferroelectric and paraelectric phase described above: namely the positions of the Li ions with respect to their associated oxygen planes and the displacement of Nb ions from the centers of their oxygen cages.
To characterize the Li ion displacements, we define ⌬z Li-O as the instantaneous z displacement ͑i.e., along the c axis͒ of a Li ion with respect to the average z position of its three neighboring oxygen ions ͑see Fig. 1͒ . In the ferroelectric phase, we expect ⌬z Li-O to be nonzero in every unit cell. In the paraelectric phase, the absence of polarization means that the time-averaged and space-averaged value of ⌬z Li-O should be zero. This could be accomplished in two different ways, with the dynamical structure taking very different forms in the two cases. In the first case, for every unit cell ⌬z Li-O would be close to zero at all times, with deviations from zero arising only from thermal fluctuations; such dynamics would be characteristic of so-called displacive behavior. In the second case, at any instant ⌬z Li-O would actually be nonzero for most unit cells, i.e., the net zero polarization would only arise over a suitable spatial and temporal average. This would be characteristic of so-called order-disorder behavior. To analyze the dynamical response of the Li ions, Fig. 3 shows probability histograms of ⌬z Li-O at 400, 1000, and 1600 K. At 400 K, we see a unimodal peaked distribution centered at 0.5 Å below the oxygen plane; this is characteristic of the Li ion displacement associated with the ferroelectricity; we note that this displacement is reassuringly similar to the room-temperature experimental value of ⌬z Li-O ϭ0.45 Å. 10 Moreover, we find that this distribution is well fitted by a Gaussian, indicating that the fluctuations around the mean value are characteristic of thermal vibrations. At 1600 K, the distribution function is now clearly bimodal and symmetric about the origin; that is, at almost any instant the Li ion is nearly always above the plane of oxygen ions or below, rarely being in the plane of oxygen ions itself. Such a bimodal distribution is characteristic of order-disorder dynamics. Somewhat surprisingly, even at 1000 K, i.e., approximately 400 K below the Curie temperature, the distribution function already has a significant shoul-FIG. 2. Temperature dependence of the polarization. The linear decrease in the polarization with temperature above 500 K extrapolates to a T C ϳ1400 K, which is consistent with the experimental value of T C ϭ1483 K. The small nonzero values of the polarization above T C are an artifact of the finite system size and decrease in magnitude for larger systems and longer simulation times.
FIG. 3. The probability distribution functions for ⌬z Li-O at 400 K are unimodal, characteristic of the ferroelectric phase. The bimodal distribution at 1600 K characterizes the order-disorder dynamics. At 1000 K, there is already a significant shoulder in the distribution, a prelude to the ferroelectric transition itself.
der at positive values; this is a clear precursor of the ferroelectric transition itself. As we now show the reason that this prelude of the ferroelectric transition appears at such a low temperature lies in the rather different dynamics of the Nb ions.
In the paraelectric phase, each Nb ion lies at the center of its associated oxygen cage, formed by triangles of oxygen both above and below it. To elucidate the dynamics of the Nb ion, we have determined the displacement of each Nb ion along the z direction from the center of the cage, ⌬z Nb-O ͑see Fig. 1͒ . In Fig. 4 , ⌬z Nb-O shows a unimodal distribution at Tϭ400 K with a displacement from the center of the cage peaked at ϳ0.31 Å below the center of the cage; this is characteristic of the ferroelectric phase. At 1600 K, the distribution is again unimodal, but now peaked at the zero displacement. We have verified that this distribution is Gaussian, indicating that in the paraelectric phase the Nb ions are simply thermally vibrating about the center of the cage. This unimodal distribution is in sharp contrast to that for the Li ions and is characteristic of displacive dynamics. What is particularly interesting in Fig. 4 , however, is that even at 1000 K, i.e., ϳ400 K below T C , the distribution is already unimodal, indicating that the Nb ions already lie at the center of the NbO 6 cages, By examining such probability distribution functions, we have verified that the transition from a ferroelectric to a paraelectric distribution takes place at ϳ900 K, fully 500 K below the Curie temperature.
It thus appears that the ferroelectric response of LiNbO 3 is quite complex. Below 900 K, the ferroelectric phase is characterized both by the Li ions being lifted out of the oxygen planes and the Nb ions being moved away from the center of their cages. At approximately 900 K, the NbO 6 cages undergo a transition involving displacive dynamics such that Nb ions move to the centers of their cages. Over the temperature range 900-1400 K, the system remains ferroelectric, however now supported purely by the Li-O displacements. At 1400 K, the system becomes paraelectric via an order-disorder transition in the dynamics of LiO 3 planes.
Although they had not been anticipated, these complex dynamics seem physically very reasonable. In particular, there is a fundamental difference in the nature of the crystallographic environments of the Nb and Li ions. The Nb ions can move freely in the z direction between the oxygen planes without having to cross any significant energy barriers. Thus at high temperatures, it is quite easy for the Nb ion to settle into the symmetric position associated with displacive dynamics. By contrast the two equivalent positions for the Li ions are on opposite sides of the oxygen plane, with the symmetric position in the oxygen plane being a high-energy position. Thus even at elevated temperatures it is energetically preferable for the Li ion to be in one of the asymmetric positions, i.e., to display order-disorder behavior. We anticipate that detailed high-temperature structure characterization using x-ray diffraction or neutron scattering should be able to verify this interesting dynamical response. 
